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By J. W. Weeton, F. J. Clauss, and J. R. Johnston 

An investigation m e  conducted t o  study the e f f ec t s  of several  heat 
treatments on t he  operating l i f e  of turbine blades in a 533-33 turbojet  
engine  operated  without an afterburner.  &-forged blades, blades  solu- 
t i on   t r ea t ed  a t  temperatures high enough t o  produce germinated grains, 
blades given a double-aging  treatment, and blades overaged by overtem- 

cyclic manner, 15 minutes a t  rated speed and 5 minutes a t  idle. 
7 “ 
Ir perature  heat treatments were- evaluated. The engine was operated in a u 

v 
The as-forged group of‘ blades and the group of blades aged without 

prior  eolution  treatment performed twice as w e l l  as a s o u p  of bl8dee 
given the standard AMs heat treatment for S-816 (AMs 576s) and performed 
bet ter   than a l l  other groups of‘ heat-treated  blades. The superior  per- 
formance of these groups of -blades was a8sociated with a high hardnese 
and a dense and uniform precipi ta t ion of carbides  throughout  the micro- 
structures. The forg;ing operat ime w e r e  conoluded t o  be reeponsible for 
the superior performance of these groups by straw-hardening the  matrix 
p r i o r   t o  engine operation asd by  promothg the uniform and dense  precipi- 
t a t i on  of carbides during engine operation. 

A double-aging treatment following  the  etandard  solution  treatment 
f o r  S-816, which w a s  intended t o  produce randomly scattered and dense 
precipitation, failed t o  improve blade performance r e l a t i v e   t o   t h e  group 
given the standard heat treatment. The second aging  temperature U ~ E  f e l t  
t o  have  caused too great a degree of  overaging for S-816. Two groups of 
blades heat t reated a t  2300° F t o  germinate grains had abno-ly low 
failure times. In one of  the @?oups eutect io  meltFng observed and 
in the  other,   thick grain boundaqy formations. BLadef3 which were given 

, a low-temperature  overaging treatment ( l 5 5 O o  F for 16 hr )  t o  simulate a 
low-overtemperature  condition  possible 3n engbe   ope ra t im   f a i l ed  a t  very - low times, while  blades  given a high-temperature overaging tmabent - (19000 F f o r  16 hr) were found t o  perform  almost a8 w e l l  813 blades given 
the standard  heat treatment. The be t t e r  performance of blades overaged 
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at the  higher temperatures may have been due t o  simultaneous  solution 
treatment of same minor phases which permits  subsequent  strengthening of c. 

the  alloy by precipitation d u r i n g  engine operatian. 
v 

Alloy S-816 (AMs 5765A) I s  a cobalt-chromium-nickel-base alloy de- 
signed far service in the temperature range Prom 12000 t o  15000 F w h e r e  
high  strength and corrosion  resistance are required. 5-816 is readi ly  
forged t o  f o m  turbine blades far Je t  ag ines  and is, at the  present 
time, t~ most widely used alloy fm this application in the United 
States. 

The heat  treatment  recamended f o r   a i r c r a f t  forglnge in the Aircraft; 
Materials  Specifications is a  eolution treatment a t  2 l 5 O o  F f o r  1 hour, 
followed by water quenching, and then  aging Por 16 hours at 140° F. Higher 
solution-treating temperatures than 2150° F have been shown by others t o  
yield  better  high-temperature  strengths  than are poseible from this rec- 
omended standard  solution  treatment.  For example, the  short-time . 
tensile strength and the stress-rupture l i fe  of S-816 at  elevated tempera- 
tu res  may be generally  increased by raising the  temperature of  the solu- 
tion  treatment fram 2150' t o  23000 F (unpublished  data). Furthermore, 
strese-rupture and creep data reported in reference 1 indicate that the 
optimum strength of S-816 is obtained by so lu t ion   t rea t ing   for  1 hour a t  
2350' P, water quenching, and a g u  16 t o  24 hour8 a t  140O0 or 15000 F. 
A t  test temperatures of E 0 O o  3' and higher, an aging temperature of 
1350° F appeared  'to  yleld  opthum remlts. 

" 

* 

The lnwease in  strength gained by raising the temperature of the 
solution  treatment is acornpanled by the germination of large grains in 
those a r e a s  of the turbine  bladee which received critical amount8 of 
hot-cold w o r k i n g  during  the  forging  process.  Gemfnated  pin^, par t i c -  
ularly when bunched together  next t o  areas of f ine  grains,  have been 
considered harmful by the  manufacturer, and apparently for this reason 
the  solution  treatment a t  2150* F for 1 hour has been  adopted. 

A recent  study conducted by the NACA ( ref .  2)  d e S ~ r i b e 8  r e su l t s  for 
the  performance of  J33-9 turbojet-engine blade8 of wrought S-816 which 
had been given  the  standard heat treatment. The operating l i f e  of the 
blades varied from 1 8 1 t o  539 hours at rated speed, with a 50-percent 
failure time at 305 home. The large sca t t e r  in blade performance m8 
a t t r i b u t e d   t o  variables In the  fabrication o f  the turbine blades. Thie 
l o t  of bladee was considerably  superior in engine performance t o  8 l o t  
of S-816 bladee which had been forged sevaral  years before, as discue8ed 
in reference 2. 

- 
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As part of an earlier program a t  the IWX, tensile specimans were 
2 machined frcm the blade airfoil  section of J47 turbine blades of wrought 

S-816 alloy and were given stress-rupture  tests  at 1500° F. Results were 
obtained f o r  specbens which had received the standard heat  treatment, 
specimens  which  were tested in the as-forged conditim, and also  speci- 
mens  which had been  aged f o r  16 hours a t  1400° F without p r io r  solution 
treatment. These results are given in table I and appeared t o  Indicate 
that the specimens  which had received no heat treatment o r  had been aged 
only without solution  treatment were, a t   least ,  as good as those which 
had been fully heat  treated.  Similar results have  been obtained from 
stress-rupture  tests  cmied out on tensile specimens machined f r o m  one 
3/4-inch-diameter rolled bar stock of S-816 (unpublished data). Results 
f o r  t h i s  group of specimens indicated that the  stress-rupture  conditim 
was fully  as good as that f o r  specimens  which  had received the standard 
heat  treatment. While both groups of results 8re insufficient t o  permit 
definite conclusions t o  be  drawn as t o  the  effect of heat treatment o r  
lack of heat  treatment on the 1-8 o f  turbbe blades when operated in a 
Jet engine, they do serve t o  warrant an lnvestigatim of such effects. 

.id 
0 -  
d The effects of heat  treatment on the  properties of mought Eaynes- 
P Stellite 21, a cobalt-base precipitatim-hardenhg  alloy,  are  reported 
4 -  in reference 3. In cmtrast t o  S-816, this  alloy showed very poor 

stress-rupture l i fe  a t  1500' P in the as-wrought condition. Improvement 
was obtained when the carbide precipitates in the as-wrought structure 
were f i rs t  d i 8 s O l V € ~ d  Into  the  matrix by solution treatment a t  2250° F 
and then reprecipitated by controlled aging a t  lower temperatures. The 
highest  atresa-rupture  lives were associated with a uniform dispereion 
of fine  particles of carbide precipitate throughout the m&rix. This 
microstructure was best obtained by a double-aging treatment in which the 
Haynes-Stellite 21 alloy m e  f e s t  solution  treated for 16 hours a t  
2250° F, then a i r  cooled, aged for 72 hours at  lZOOo F, and finally aged 
for 24 hours at 1500' F. The essential  feature of this treatment is 
that precipitation f r a m  the solution-treated  structure is nucleated a t  a 
relatively low temperature. This treatment produce8 a uniform scattering 
of s i tes  for the subsequent grow-th of precfpitste a t  a 8econd and higher 
aging temperature. 

$ 1  

Recent interest in the occurrence of overtemperature conditims in 
the je t  engine ha8 been  concerned with  the  possible damaging effects an 
the  material  properties of the cwrponmts, particularly  the  turbine 
blades. For th i s  reason, t w o  aging  treatments a t  temperaturesabove 
those normally used were included In this  investigatim. 

In line with the  precedkg remarks, the  general purpose of the 
present investigation has been t o  study  the  effects of several  heat 
treatments on the  opemting life of 533 turbine  blades of forged S-816 

of the  blades (1) in the as-forged condition, (2) heat treated t o  produce 

. 
4 alloy. This investigation inoludes an evaluation of the  operating l i f e  
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germinated grains.and  simultaneously a better degree of solution treat- 
ment, (3) solution treated and double  aged, and (4), f inal ly ,  overaged. 

This study is a cmtinuation of a program being carr ied  out  by the 
NACA In order t o  understand the fundamental factors  which determwe  the 
high-temperature  properties of a l loys and t o  efiend the operating life 
of turbine blades. 

Turbine blades. - The turbine blades used f o r  the present investi- 
gation were 533-33 turbojet-engine blades of wrought S-816 al loy (AMs 
5765A) having the  following nominal  percentage  chemical  composition: 

.. . 

%- 

c0 C Fe C b + T a  Mo I W cr mi - - 
40 m i n .  0.32-0.42 5 m a x .  3.5-4.5 3.5-4.5 [ 3.5-4.5 19-21 19-21 

The blades were received from two source8. The f l r& l o t  of blades was 
supplied by the manufacturer in  the as-forged conditian. A l l  these 
blades were forged from bar stock from the same heat. These blades were 
used f o r  heat-treatment groups 1 t o  6, as described in table II. The - 
second l o t  of blades was withdrawn at randam from U.S. A i r  Force stock. 

Y 

These blades had already been given the standard heat treatment by the 
manufacturer and were used for groups 7 t o  9.  

The heat  treatments  described in table I1 were carried out in an 
atmO8pher0 of argon gas and were selected on the basis of the preliminary 
work discussed in the INTROIXJCTION. Specific reasons f o r  the selection 
of each  heat treatment are shown in the table .  All the groups of blades 
consisted of six blades  except group 7, which contained four blades. 

Stress and temperature  distribution in turbjne blade6 d m  engine 
operation. - The croee-sectional a r e a s  of J33-33 turbojet-engine blades 
were obtained f r o m  blueprfnts of the blade, and the dis t r ibut ion of 
centrifugal strees along the le&h of the-blade8 was calculated  by the 
method described in reference 4. Six thermocouples w e r e  welded t o  the 
midchord of the blade airfoil6 a t  different distances frm the blade 
base, and 8 t r ia l  run in a 533-33 engine was made t o  determine the tem-  
perature dis t r ibut ion in this ty-pe of blade. Previously, 533-9 engine 
blades had been  investigated for temperature  distribUtimB, and the 
method used f o r  the 533-33 engine blades is eesent ia l ly  the same ( ref .  5). 
Figure 1 shows the measured temperature and the calculated  centrif'ugal- 
stress distributions for these bLades during  engine  operation a t  f u l l  
power as w e l l  as the strees-rupture life of S-816 bar  stock at the d i f -  
ferent   cmblnat ims o f  stress and temperature in the blades. The latter 
curve shows that tple moat 8evere combination of canetant stress and 
temperature (21,400 pet  and 1450' F, respec t~vely)  oocurs a t  a distance 

I 
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2.4 inches from the base platf o m  of the  blade. The curve may be used 

be discussed in the  section Blade failure mechanims, there is no reason 
t o  expect that  the 5-816 blades w i l l  run the 860 hours corresponding t o  
the min imum in this c u m .  

2 t o  locate  the zone of poesible  stress-rupture  failure. However, as w i l l  

w i n e  operation. - The nine groups of blades were ins ta l led  Fn a 
w 
N 
6-l 

single turbine r o t o r  of a- J33-33 turbodet engFne, and the engine was 
operated u n t i l   a l l  but four of the  blades had failed. The t e s t  consisted 

a t  the rated s p e d  of the engine (11,750 rpm). Only the tFme a t  rated 
speed is diecussed throughout the r e p o r t ,  since the stresses and tempera- 
ture a t   id le  are t o o  low t o  be signiffcant. Blade stress and tmperature 
a t  rated speed were held conetant by controlling  the engine speed  and 
the exhaust-nozzle opening. Blade temperature wag m e a s u r e d  by themo- 
couplee inserted in two special  blades in the  disk. A slip-ring system 
was used t o  connect the thermocouples t o  recording instruments. Further 
details of engine hatrumentation and temperature control8 are contained 
in references 5 and 6. 

co of repeated 20-minute cycles of 5 minutes of idle followed by 15 minutes 

. 
Blade  e1onp;ation  measurements. - One blade  frm each of  the nine 

4 groups was scribed mar  the  trailing edge a t  1/2-inch intervals a8 
described in reference 6. However,  measurements  were  made over I-inch 
sewents. One segment was deeignated a8 zone A and extended frm 1 - t o  

2g Inches above the  base. The other  se@ent,- erne B, exkended f r o m  7/8 

t o  lg inches above the baee. After blade failures o r  necessary engine 
a h u t d m s ,  the  elongation of each scribed segment of intact  blades w8s 
measured w i t h  an o p t i c a l  exteneometer. 

7 
8 

7 

7 

Macroexaminaticms of failed  blades. - A blade was said t o  have 
failed and was removed f r o m  the engine either when actual  fracture oc- 
curred  or  when numerous cracks in  the a i r f o i l  or severe necking made it 
apparent that failure was imminent. Blades which failed were  examined 
a t  low ma@ficatians t o  determine as nearly as poseible  the manner by 
which the  failures  originated. In addition,  blades from each group were 
macroetched t o  ehow grain growth and to differentiate between intercrys- 
tall ine and transcryetalline cracking. The failures may be classified 
into  the follaring catagories  as a matter of convenience: 

(1) Stress-rupture: Blade failures which occurred by cracking  with- 
in the  airfoil, by necking of the  airfoil,  o r  by fracturing in an irreg- 
ular and  jagged htercrystallfne path. In addition t o  the main fracture, 
other  similarly formed cracks frequently occurred near the  origin of the 

w main fracture o r  crack. 
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(2) Fatigue: Crack6 which progressed from nucleation  pointer,  usually 
at or near either  the  leading  or trailfng edges, in straight  paths. The 9- -. 
cracks  frequently were smooth, often  showed  progression lines or  concen- 
tric rings, and  appeared  to  be  transcrystalline. 

(3) Stress-rupture  followed by fatigue:  Blade  failures  which 
appeared to be mused by a combhation of the precedbg mechanisms. The 
fractured  surfaces of blades in thie  group  consisted of a small area 
which had the  characteristics  deecribed  for  the  stress-rupture  catagory 
and a larger area  with t h e  fatigue  characteristics  already  described. A 
further criterion was that  other  cracks  also  appeared  immediately near 
the  nucleation area of the main crack or fkacture  edge  and  appeared  to be 
stress-rupture  cracks. 

In all cams, the  blades  failed finally in tension because of the 
progressive reductirm. in the load-carrying area, BO that  all  blade 
failures shared a large area of rough fracture  surface. 

(4) Damage: Blades showing nicks or dents in the airfoil which 
could  initiate  fracture. These blades were  considered apart from the 
preceding  three  catagories of blade  failures  since  they  did  not give a 
true  indication of material  properties. 

Metallographic  examination of as-heat-treated epcimens and of 
failed blades. - Metallographic  examinations were made on sections  of 
blade  airfoils  which had been  heat  treated almg with  the  blades in or- 
der to show microstmctural changes and  grain &&h during  heat  treat- 
ment. Similar examinations were made on specimens  cut from the alrfoil 
of the  firat  and  last  blade  failures in each of the  heat-treatment groups 
so that  changes  in  microstruature during engine  operation could be  ob- 
served. Care was taken  that  the  specimens of blade  failures were cut 
f”rm the  section of airfoil  about  the origin of the  failure ao that  pathe 
of fracture  and  fracture  mechanisms  could  also  be  studied. 

Grain-size  measurements. - Grab sizes of the as-heat-treated agecl- 
mens and of specimens  cpt  from  the  first  and  laat  blade  failures f r o m  
each group of blades were measured using a metallograph and an ASTM 
grain-size  measuring  eyepiece. In addition,  blades frm each  heat- 
treatment group mre macroetched after the  blades  had  been r u n ‘  to failure 
using a solution of 150 milllliters of HC1, 150 millitere of %O, 9 milli- 
liters of HN03, and 40 grams of FeC13. Specimens were vapor blasted and 
then  boiled  in  this  solution for 5 minutes. 

Eardness teats. - Rockwell A hardness measurements were made of all 
the  as-heat-treated  specimene  ueed  for t he  metallographic  examinations. 
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In the case of failed blades, segments  were cut from the  f i rs t  and 

4 
last blade failures of each group of blades in zones as  close t o  the 
fracture  areas  as  possible. Hardness measuremente were made over the 
entire cross  section of the  airfoils. Rockwell superficial  readings 
(R-15-N) were used t o  obtain  accurate  results in the narrow portions of 
the  airfoils. Both the Rockwell A and the  R-154  readings were converted 
t o  Ruckwell C values. It should be cautioned here that hardness values 
reported af ter  engine operation were obtained 1/8 inch from the  fracture 
edges, and the values might  be influenced by the  elongation of the  blades 
In these  areas. 

The engine operating  results  for  the  different groups of  blades are 
presented Fn table III along with a record of the  location of the  bl&e 
failures and the mechanism of  the  failures f o r  each blade. Englne m a  
were discontinued after 430 hours when the  relative performance of the 
different blade g~oups was clear. 

7 In order t o  facil i tate  the presentation of results as w e l l  as the 
subsequent diecussion,  the blade data are plotted in figure 2. The as- 
forged group of blades (group 1) performed at   least  twice as well as  the 
-up given the standard  heat  treatment (group 3). The blades of group 
2, which  were  aged at 1400° F only, behaved essenkially  the same 8s the 
blades of group 1. The failure mechanisms of a l l  blades in grouys 1 and 
2 were either  stress-rupture o r  stress-rupture followed by fatigue, where- 
as  the blades of group 3 failed chiefly from fatigue. 

Some of the  blades given the double-aging treatment (group 4)  failed 
a t  lower times  than  those given the standard heat  treatment (group 3).  
Also, some of the blades s o l u t i m  treated  at 2300’ F followed by  a m  
at 1600° 3’ f o r  16 hours, o r  by aging a t  12000 F f o r  24 hours and 1500O F 
for 48 hours (groups 5 and 6) ,  failed in unusually short times. 

Air Force stock specimens given the  standard  heat  treatment (group 
7 )  failed  at lower times than the blade6 forged from the  selected  bar 
stock and given the standard  treatment (group 3). Two of the faur blades 
In the former group failed by damage, and the results should be considered 
in this light. A l l  the Air Force stock blades of  group 8 which  had  been 
overaged (overheated) a t  1550° F for 16 hours failed by fatigue a t  low 
times, while sme of the  blades which  had  been  overaged a t  1900° F for 
16 hours (group 9) failed by stress-rupture followed by fatigue. The 
behavior of the  latter group a8 a whole is essentially  the same as that 
of the group given the standard  heat treatment. 

U 
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Elongation of blades  during  engine  operation. - Elongation results 
are given in figure 3 f o r  zone A. Elongation curve8 fo r  zone B are  not 
shown, but  the maximum elongations  meamred in both zones eke compared 
in figure 4.  

t. 

Macroexaminations of failed  blades. - Most of the blade  fa i lures  (71  

percent)  occurred between 2- and % Inches f r o m  the  blade  root  platform 5 1 
8 

a s  shown in table  III and figure. 5. This zone is fa r ther  frm the  base 
of the blade than thB c r i t i c a l  zone (defined by etress-rupture  cmsidera- .- 

t i ons ) ,  which wae found t o  be 2.4 inches f r o m  the  base. O f  t h e   t o t a l  Prl 
number of blade  failuree, 39 percent  occurred Fn the segment for which 
elongation measurements were made and plotted (zone A ) ,  whereas 56 per- 
cent of the   fa i lures  occurred above zone A. 

m 
co 

- - _  

Photographs of  typical  "failed" and "unfailed"  blades are &own in 
figure 6. The cracked  blade contains typioal  stress-rupture  cracks Fn 
the  center of the  blade;  the  blade which f a i l ed  by fat igue  contahs  the 
progression l i nes  typical of a fatigue zone; and the  stress-rupture 
followed by fa t igue  fa i lure  has some cracks below the  fatigue zone, the 
c r i te r ion  for t h i s  type of fa i lure .  Of the total number of f a i lu re s  
other  than damage fa i lures ,  approximately 35 percent were classif ied as 
stress-rupture, 20 percent 88 stress-rupture  followed by fatigue, and 45 
percent as fat igue.   fa i lures .  

P 
. .. 

Metallurgical  Studies of As-Heat-Treated Specimans 

Microstructure. - The microstructures of teat   p ieces  which were cut 
frm representative  blade segmente and given  the Bame heat  treatment ae 
the  blade groups run in the engine are ahown in figure 7. Metallographic 
specimens cut from a single as-forged  blade were found t o  contain  areas 
with  elongated o r  severely  distorted grains (fig. 7(a), left) a s  well as 
areas of equiaxed grains (fig. 7 (a), r igh t ) .  The grain sizes observed 
were very mall in the  elongated weas (A.S. T.M.- 8) and s l igh t ly  larger 
in the equiaxed areas (A.S .T.M.  5 t o  8). Precipitation "In s l i p  linea". 
may be observed in the photamicrographs shown, but other area8 appeared 
t o  have been par t ia l ly   solut ion  t reated.  Elongated grains were most 
prominent near leading and t r a i l -  edges, while equiaxed grains were 
predominant a t   the   center  of the  blade airfoil. The structure of the 
specimen aged a t  140O0 F f o r  16 hours  (fig.  7(b)) shaws an area  with 
equiaxed grains sfmilar t o  the area of equiaxed grains shown in figure 
7(a),   with  precipitation in s l i p  l ines  and t w i n  and grain  boundariee. 
The speclmen given the s tandard heat  treatement for S-816 contains the 
usual maseive residual columbium carbides  (probably (Cb,Ta)C) and fine 
precipitation In the gra in  boundaries. General precipitation in the 
matrix is not  notic&ble.. The specimen given the standard solution 
treatment at 2 l 5 O o  F for 1 hour followed by double  aging (fig. 7 ( d ) )  

.. . 

." 
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shows increased matrix precipi ta t ion and, of course, the residual car- 
bides. The specimen  given a solution  treatment  for 4 hours a t  2300' F 
followed  by  the  standard  aging  treatment  (fig. 7 (e) ) has a structure  es- 
s en t i a l ly  the same as that of the  specimen given  the  standard heat treat- 
ment except t h a t   t h e  average  grain  size i s  greater.  Some of the   l a rger  
carbides  appear t o  be idiomorphic,  indicating  that at higher temperatures 
t h e  carbide forming  element ( C b  o r  Ta) diffuses to the   res idual  carbide 
sites and precipi ta tes  as a carbide upon the  orginial   carbide.  In f igure 
7 ( f )   t he  specimen solution treated a t  2300° F followed  by  double 
aging shows very  large  grains with an  unusually  large  quantity of matrix 
precipi ta t ion as w e l l  as a ~ma11 quantity of Widmanetiitten s t ructure .  
Larger carbides a l so  appear t o  be idiomorphic, a8 was  the  case  in  the 
preceding  specimens. 

3 

The structure  of a typ ica l  Air Force  stock blade is shownin figure 
7(g) and is  a lmost   ident ica l   to   tha t  of figure 7(c) ,  which represents  the 
same condition of heat treatment. Upon overaging  or  overheating the Air 
Force  stock  blades a t  1550' F f o r  16 hours, the p rec ip i t a t ion   i n   t he  
grain  boundaries  appears t o  increase  ( f ig .   7(h))  and a l i t t l e  matrix 

16 hours   ( f ig .   7 ( i ) )  shows t ha t  some of the carbides, pazticularly  those 
i n  the grain  boundaries , have spheroidized and that the  matrix is rei- 

y .  precipi ta tzon  a lso has occurred. The specimen overheated at 1WO0 F f o r  
4 
3 

% at ively  clean. 

Grain-size measurements of =-heat-treated microspecimens. - The 
grain  sizes of the  preceding microspecimens are Usted i n  table IT. All 
the specimens are of a f fne  , o r  a t  yeast microscopic , wain  s ize   except  
specimens of groups 5 and 6, which were heat treated at 2300O F t o  de- 
l iberately  coarsen  the  grafns.  

Hardness measurements of as-heat-treated specimens. - The hwdness 
of the as-heat-treated specimens i s  shown i n  table V. The average  hard- 
ness of the as-forged and aged woups (groups I and 2, which performed 
the   bes t )  was greater than  the  average  hardness of any other group. 

whereas blades given  the  standard heat treatments  (groups 3 and 7) had 
an  average  hardness of Rockwell C-25 t o  C-26. 

, Blades o f  groups 1 and 2 had an average  hardness of' Rockwell C-35, 

Metallurgical  Studies of Fai led Blades  

MLcrostructures. - Photomicrographs cut from the first and last 
blade failures f o r  each woup are shown in figure 8. Typical stress- 
rupture  and  fatigue  portions of fractures are shown. The stress-rupture 
portions of cracks are intergranular, as shown i n  figure 9(a),  and trans- 
c r y s t a l l i n e   i n   t h e  case af the  fatigue  crack,  f igure  9(b).  The micro- 
structures of groups 1 and 2 (the blade groups which performed best) were 

t similar pr ior   to   operat ion in certain  locations , a6 noted  previously, and 
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are   essent ia l ly  similar after operation. The precipi ta t ion which occurred 
in  grain  boundaries,  slip  lines, and twins  during the forging  operation 
had been  spheroidized and it still  outlines some of these areas. However, 
it is  more difficult   to  define  grain  boundaries,  and therefore  fracture 
paths, i n  specimens cut from blades because me spheroidized  carbides 
obscure the  fracture  paths.   Intergranular  tears and some evidence of 
jaggedness a t  fracture edges  confirm the  macroexaminations made of the  
fracture  edges, t ab le  111, and show that the specimens in   these  groups 
f a i l ed  predominantly by stress-rupture. The l a s t   f a i l u r e  of group 2 
( f ig .  8(b) ) is  believed t o  have  occurred by fa t igue  ini t ia ted  near   the 
t r a i l i n g  edge by  intergranular  penetration8  of  oxides. The degree of m 
spheroidization made it d i f f i cu l t   t o   no te  any differences between the 
structures of the  first and last fa i lures .  

fr 

. ." 

. .  

I, - 

.. . 
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In  figure 8(c) ,   the  specimens given  the  standard  heat  treatment 
(group 3), t h e   f i r s t   f a f l u r e  is shown t o  have a smooth t ranscrystal l ine 
fracture  edge, indicative of fatigue; and t h e   l a s t   f a i l u r e  is shown t o  
have stress-rupture  characterist ics,  as shown by the  jagged f rac ture  
edge and the  stress-rupture  cracks below the   f rac ture  edge. This con- 
firms the  c lass i f icat ion of these specimens made i n  table 111. The pre- 
c ip i t a t ion   i n   t he  first f a i lu re  i s  well developed, b u t  since it has run 
only 167 hours, spheroidlzation has not  taken  place t o  a weat degree. 
The microstructure of the last specimen t o  fa i l  (failure time, 310 h r )  
shows, a t  high  magnification,  that   the  precipitation  in  the immediate 
v ic in i ty  of the  f racture   or igin is t o  a large  degree i n  a Widmanst&bten 
form, that   the   precipi ta t ion  in   the  grain  boundaries  i s  much  more nearly 
continuous  than  those of the specimens of groups 1 and 2, and tha t   the  
grain s i z e  near  the  fracture  origin i s  greater   than  in  groups 1 and 2. 
Any of these  conditions  could account for  the  poorer performance of this 
group of blades  relative  to groups 1 and 2. 

" 

- T" 

In   f igure 8(d) ,  the photomicrographs represent  the group of speci- 
mens given  the  double age (group 4 ) .  Since  the epecimene t reated i n  the 
same manner ( f ig .  7(d)) contained a considerable  quantity of precipitation, 
it i s  surprisfng  to  note so l i t t l e  matrix  precipitation in t h e   f i r e t  
blade  to fail .  The matrFx precipi ta t ion is beginning t o  spheroidize, 
and the  grain  boundaries  contain enough carbides  to  be almost continuous. 
The s t ructure  of the Last blade t o   f a i l  correspond8 more closely  with 
the  s t ructure  shown i n  figure 7(d) . I n  figure 8(e) (group 5 ) ,  t h e   f f r e t  
fa i lure ,  which occurred i n  an  unusually  short t i m e  (36 hr), contained a 
considerable  quantity of eutectic  melting and the  stress-rupture  crack6 
occurred in  areas  with  considerable  evidence of grain  boundaries  melting. 
This group of blades was solution treated at  2300' F. In  the  blade which 
fa i led  last the  grain  boundaries were very  thick  (although  thls cannot be 
observed i n  the photomicrographs).  This failure  contained a formation I 

similar t o  "Chinese scr ipt ,"  which may be  evidence of meltfng. I n  both 
t h e   f i r s t  and Last fa i lures ,   large  quant i t ies  of precipitation have oc- 
curred  in slip l i nes  and i n  WidmnstZtten  patterns and are very  extensive. 

" 

ii 
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Additional  metallographic  examinations  revealed three of the remaining 

results f o r  group 5 cannot  be  consider& as representative  of  the  heat 
treatment employed. 

7 four specimens  contained eutect ic  melting. In view of this melting,  the 

w 
N 
Ln 
W 

Blades of group 6 were also  solut ion  t reated at 2300’ F but  did  not 
show new evidence of eu tec t ic   mel t ing   ( f ig .   8 ( f ) ) .  The photomicrograph 
of t he  first specimen t o  fa i l  shows the  area at or  near  the  origin of t he  
crack. The f rac ture  edge is t ranscrystal l ine’and smooth, indicative of 
fa t igue.  Again a l l  the blades i n   t h i s  group were sectioned  to  determine 
whether  any eutectic  melting  occurred, and nothing was found  comparable 
with  the  evidence  found I n  group 5. I n  one of the  blades s m  possible - 
Chinese sc r ip t  vas found, but it was not  extensive. In another  blade, 
the  fatigue  crack was propagated across very  f ine  grains and adjacent 
germinated  grains  without deviating from a straight  path.  The  most 
deleterious  formation  observed i n   t h i s  group of blades consisted of thick 
carbide  formations i n  grain  boundaries. 

M The s t ructures  of Air Force  stock  blades  given  the  standard  heat 

3 -  
6 %  

treatment are shown i n   f i g u r e  8(g). There is a noticeable  difference 
between the  s t ructures  of the  blade failures o f . t h i s  group  and those of 
the  blade failures of group 3, which also received the standard  heat 
treatment. The Air Force  stock  blade which f a i l e d  first has much less 
general   precipitation  than  the specimens  of  group 3, and the  first 
failure t i m e  is less. Grain  boundary precipi ta tes  and residual  carbides 
appear t o  be the  same in   bo th  groups,  but  the  grain  size of t he  specimen 
of  group 7 i e   f i n e r   t h a n  that of  group 3. This could be the r e s u l t  of 
f o r g i n g  variables.  An interesting  but  unexplainable  happenstance is that 
a l l  f a i lu re s  of group 3 originated at t h e   t r a i l i n g  edges, whereas a l l  
f a i lu re s  of group 7 originated at the  leading edges. Stress-rupture and 
fat igue  character is t ics  are p resen t   i n  the photographs of the first and 
last.failures, respectively. 

cu 

The s t ructures  of f a i l e d  blades which had been  overaged  (overheated) 
a t  1550’ F are shown i n   f i g u r e  8(h) (group 8) . Carbides  precipitated  in 
the  matrix, and s l i p   l i n e s  and twin boundaries  have  been p a r t i a l l y  sphe- 
roidized. Matrix precipitation  has  not  occurred  to any great extent. 
The f rac ture  edges of  both  specimens are predominantly  transcrystalline, 
indicative of fa t igue  failures, and again  this   correlates  w e l l  with  the 
resul ts   of  macroscopic  examinations shown in t a b l e  111. 

Stress-rupture   character is t ics  are evident i n   t h e  photomicrographs 
of figure 8(  i) , which represent  the  blades  overaged a t  1900° F . The 
grain  boundaries  contain a Large amount of spheroidized  carbides,  and 
i n  general   the   spheroids   in   these specimens a re   the   l a rges t  of any of 
the  heat-treated  groups. Matrix precipi ta t ion (of t h e   s a l t  and pepper 
type) is not  evident i n   e i t h e r  of t he  blade structures  , but   this   type of 
precipi ta t ion is f r equen t ly   d i f f i cu l t   t o  see when large  quant i t ies  of 
spheroidized  particles are present. 

* 
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Hardness. - The resu l t s  of the  hardness tests of the f i r 6 t  and last 
blade  fa i lures   are  shown in   t ab l e  VI. Blade6 f'rom.groups 1 and 2, the  B 
best  performing  groups, which had a  hardness of Rockwell C-35 before 
testing,  maintained  the  highest  hardness  values (Rockwell C-32 t o  C-34) 
of any of the groups.  Individual  readings made for a glven  blade  speci- 
men varied  considerably  in some cases.  For example, i n  group 6 readings 
ranged  from Rockwell C-24 t o  C-30. 

- 

Grain s ize .  - Macroetchfng of specimens  from different  groups re-  
vealed no grain  germination in,any blades  except  those of groups 5 and 
6 .  Photographs of macroetched  specimens from theee groups a re  shown i n  
figures LO and 11. According t o   t h e  usual  concept  of  grain growth, the  
a reas   in  which germinated growth has occurred are areas i n  wkich c r f t i c a l  
s t resses  were produced  by forging. The photographs show tha t  most of the 
blades had received  cr i t ical  amounts of  deformation i n   t h e  leading and 
t r a i l i n g  edges and in   t he   qpe r - th i rd   po r t ion  of the blade a l r f o i l s .  
Stress-rupture  cracks  are shown i n  figure 10. Blade 3 of figure 11 has 
uniform grains  throughout  except a t  the  extreme leading and t r a i l i n g  
edges a t  the t i p .  This blade, which was a first failure, failed by 
f a t igue   i n  an areawhere  germinated  grains w e r e  adjacent t o  microscopic 
grains. 

DISCUSSION 

Operating l i f e  of different  Sjlade groups. - The excellent  behavior 
of the  as-forged blades (range of f a i lu re  times: group 1, 357 t o  430 
hr; group 2, 317 t o  430 hr) r e l a t ive   t o  the blades  given t h e  standard 
heat  treatment  (range of f a i lu re  times: group 3, 148 t o  3Lo hr) was most 
interest ing.  This behavior is  i n  contrast t o  the  stress-rupture data 
shown i n   t a b l e  I, which indicates  that  the  as-forged specimens should 
behave about as well as the  blades  glven  the  standard  heat  treatment. 

The superior performance of the  as-forged  blades -and the  as-forged 
and  aged blades might be explained by two factors:  (1) cold working 
during forging, which  would be expected t o  strengthen  the  matrix; and 
(2)  the  formation of' nucleation  sites  during Forging, which could r e su l t  
i n  a desirable form and dis t r ibut ion of precipitate  during  engine op-• 
eration. The occurence of cold working during forging is  supported by 
the  observation that the  hardness of ,g?oups 1 and 2 was signif icant ly  
higher  prior t o  and a f t e r  engine  opel-ation  than  the  hardness of the 
other  groups. The occurence of beneficial  precipitation  during  engine 
operation i s  supported by metallographic  examinations which showed that 
the  microstructures of  groups 1 and 2 contatned  larger  quantities of 
precipi ta tes  and residual  carbides  after engine operation  than did the 
other  groups. 

. ." 

. .  

- 
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The range of failure times obtained  for tlie blades of group 3 (167 t o  
'J 310 hr )  shows t h a t   t h i s   l o t  of blades i s  not   s ignif icant ly   bet ter   than 

the  blades selected from Air Force  stock (group 7 ) .  It is recognized 
tha t   t he   r e su l t s   fo r  group 7 are not  conclusive i n  themselves  because 
there are only two t r u e  failures. Kowever, it i s  shown i n  reference 2 
that S-816 Air Force  stock  blades  for  the 533-9 turbojet  engine  (with 
the  same a i r f o i l s  as the blades  used in th i s   inves t iga t ion  but with  dif- 
fe ren t   roo ts )   fa i led  i n  cycl ic  tests of the same type used i n   t h i s   i n -  
vestigation at times  ranging from  163 hours t o  394 hours. 

w 
@J 
u1 a 

The performance of the double-aged  blades of group 4 (range of 
failure t i m e s :  102 t o  310 hr) was not   s ignif icant ly  better than  those of 
group 3, which were  given  the  standard  heat treatment.  As w a s  previously 
mentioned, past  experience  with wrought 3aynes Stellite 2 1  (ref. 3) 
indicated  that  double  aging might improve the  performance of S-816 blades. 
However, i n   t h e   c a s e  of S-816, t he   a l loy  WEIS apparently  overaged i n   t h e  
double-aging  treatment,  and  shorter times or  lower temperatures should 
have  been selected. Overaging was shown by the  large  quantity of vlsible 
precipi ta t ion and by  the  fact   that   the   hardness  of the  as-heat-treated 
specimens given  the  double  aging appeazed s l igh t ly  less than the  hardness 
of the specimens  given the  standard  heat  treatment (Rockwell C-25 and 
C-26, respectively).  Although t h e  double-aging  treatment used did  not 
improve the properties of these blades, predis t r lbut ion of numerous, w e l l  
scattered  nucleation sites by  low-temperature  aging  prior t o  hi@- 
temperature  aging o r  operation is believed t o  be a sound general  princi- 
p le .  Such d is t r ibu t ion  of precipi ta tes ,  perhaps, may also be  obtained 
by water  quenching  from solution-treatingtemperatures or,  as previously 
mentioned, by hot-cold working pr io r  t o  t e s t ing   o r  high-temperature 
operation. 

The r e su l t s  of the  heat  treatment  to produce  germinated  grains 
(solution  heat treated at 2300° F for 4 hr, water quenched, aged 16 hr 
at 1400° F) and simultaneously a greater degree  of  solution  treatment 
(range of failure.times: group 5, 36 t o  285 hr) w e r e  obscured  because 
eutect ic  melting was found i n   t h i s  group of specimens. The poor  performance 
of the  blades of  group 5 may be la rge ly   a t t r ibu ted  t o  the  eutectic  melting 
observed. The previous  data f r o m  unpublished  information and reference 
1 indicated  that   solution  treatment at 2300' F and 2350° F yielded 
be t t e r  high-temperature  propertfes  than w e r e  obtained  by  solution treat- 
ing  at lower  temperatures. No eutectic  melting w a s  observed i n  a pre- 
l i m i n a r y  tes t  specimen heat  treated a t  2300' F f o r  4 hours (fig. 12) 
nor w a s  any found i n   t h e   b l a d e  specimen examined af ter   heat   t reatment  
( f ig .  7(d)). No melting was found in   the   b lades  of  group  6 (range of 
f a i l u r e  times: 59 t o  401 hr), which w e r e  a l so   so lu t ion   t rea ted   for  4 hours 
a t  2300° F. The presence of eutect ic  melting i n   t h e  bladea of group 5 
after engine  operation  cannot  be  explained. 

L 
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Although no cer tain evidence of eutectic  melting was observed i n  
any of the blades of group 6, the heat  treatment was harmful as shown by 
the   fac t  that t w o  blade failures occurred  by  fatigue a t   very  low times 
of 59 and 99 hours. Heterogeneous grain  sizes were observed i n  blades Of 
t h i s  group with  large  areas of fine  grains  adjacent  to  large area8 of 
coarse  grains  (fig. 11). However, the  possible haruiful effects  of the 
germinated graim are obscured  by  thick  carbide formaki-on6 in   t he   g ra in  
boundaries, which could  alone  account f o r  the poor  performance of t h i s  
group of blaaes. It i s  interest ing t o  note that the path of a fat igue 
crack i n   t h e  first blade of this group ( f ig .  8(f)) did not  deviate in 
going from the  f ine-  to  the  coarse-grained area. This may indicate   that  
the  heterogeneity of the grain  size  (per  se) is not  important. 

The operating  lives of the blades of group 8, which were standard 
Air  Force  stock blades given  the low-temperature,  overaging  treatment 
a t  1550' F f o r  16 haws, were ve ryJoy_( raxe  of f a i lu re  times: 55 t o  131 
h r )  . The 1550' F treatment  per se is  apparently  not as impor6arit a s  the 
microstructure produced. A similar  deleteriow  microstructure might be pro 
duced by  overtemperature  engine  operation at shorter times but  higher 
temperatures. The visible precipi ta t ion produced  by the 1550° F treat- 
ment occurred  mainly in grain and twin  boundaries ( f ig .  7(h) ) . During 
engine  operation further precipi ta t ion and agglomeration  occurred i n  
these sites. This type of precipitation  apparently does  not improve the 
performapce but does considerably  increase  the  hardness compared with 
the  standard  heat  treatment  (see  table V) . 

-. . " .. " - " 

The blades of group 9 (range of failure times: 86 t o  213 hr), which 
were overheated at lSOOo F f o r  16 hours, w e r e  overaged as ehown by the 
hardness (Rockwell C-27) and by  the  spheroidization of carbides i n  the 
microstructures (table V and f i g .  7( i) ) . The heat  treatment may aleo 
have par t ia l ly   so lu t ion  treated the alloy, disaolving  smaller micro- 
constituents  into  the  matrix. This wou'Ld permit  strengthening of the 
blades  by  precipitation  during  engine  operation, wkich would explain  the 
comparable  performance of t h i s  group of blades  with  that of the  standard 
Air Force  stock  blades  (range of f a i lu re  tipee.:. _group 7.$ 9 4  t o  202 hr) ". . . 

Elongation of different  blade groups. - The elongation  curves show 
that  the  blades which performed the  best (groups 1 and 2) had the lowest 
creep rates. Blades of group 5 also h&d a Low- creep rate b u t   i n   t h i s  
case, poor blade l i fe .  This coznbination of low creep  rate and poor  blade 
l i f e  for group 5 may have resulted from the eutectic  melting found i n  
t h i s  group. The blades of group 9, whlch were given the high-temperature 
overaging  treatment (1900° F), exhibited  the  greatest  total  elongation 
and creep rate, which may be  associated  with  the  spheroidization  noted 
in the  microstructure  prior  to testing. 

." 
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Blade f a i l u r e  mechanisms. - Centrifugal  stress and temperature  are 
not the  only  service  conditions that are  known t o  l imi t   the  performance 
of turbine  blades. Engine vibration and blade f l u t t e r  may contribute t0 
ear ly   fa i lures  by fatigue,  rapid  heating or  cooling may set up thermal 
stresses  within  the  blades,  ana  the  action of the  hot couibustion  gases 
may cause  surface and intergranular  corrosion. In many cases,   the  classi-  
f icat ions made by v isua l  examination were supported by l a t e r  microscopic 
examination of the  microstructure. A bas ic   d i f f icu l ty   in   def in ing   the  w 

VI 
N f a i lu re  mechanism from the appearance of the  fracture  surface  alone is 
co that the   e f fec t  of  superimposed fat igue damage is not  always  evident. 

Ferguson ( r e f .  7) , f o r  example, measured the  high-temperature l i fe  of 
specimens subjected  to  vibratory  loads superimposed upon constant loads 

.and  found t h a t ,   i n  many casea, the fracture   surface of t he  specimens 
showed no evidence of fa t igue damage, a l though  the  reduct ion  in   l i fe  
caused  by the  vibratory  loads made it clear  that fat igue m u s t  have  been 
an important  factor  in  causing  early  failures.  

From the known dis t r ibut ions of temperature and centr i fugal  stress 
in   the  blade,  and from the  known material  properties,  the  stress-rupture 
l i fe  of material under the  same couibinations of s t r e s s  and temperature 
which exist along t he  length of the   b lade   a i r fo i l  can be calculated. 
The resu l t s  of such a calculation are shown in   f i gu re  1, where the   s t ress -  
rupture l i fe  of S-816 bar  stock  given  the  standard  heat  treatment i s  
shown plotted  against  the aistance above the  base  for  the  corresponding 
couibinations of stress and temperature. The  minimum i n   t h i s  curve shows 
tha t   t he  most severe  conditions  for the lowest stress-rupture  l if 'e   are 
located at a  distance of 2.4 inches above the  platform of the  blades,  
where the stress is 21,400 pei  and the  temperature i s  1450° F. Because 
of the  material   differences which exist between bar stock and forged 
blades,   the  stress-rupture  l ife of the  forged  blades under operating 
conditions should not be expected t o  be  equal  to  the minimum value  given 
by this f igure.  Only the  locat ion of t h e   c r i t i c a l  zone as defined by 
the stress-rupture  strength is considered in  the  following  discussion. 

z 

In a l l  but two instances  (exclusive of  damage fa i lures )   the   tu rb ine  
b lades   fa i led   in   opera t ion   in   a  zone above t h a t  of minimum stress-rupture 
l i f e   ( f i g .  5).  Creep measurements ( f igs .  3 and 4) show that the   r a t e  of 
creep and t h e  amount of creep  deformation j u s t  p r io r   t o   f r ac tu re  were 
grea te r   in  zone A than   in   the  zone c lose r . t o  the base  (zone B ) .  Exclusive 
of damage f a i lu re s  and group-5 blades (which exhibited  eutectic  melting), 
58 percent of the blades failed a t   o r  above a  point 2- inches from the  
base  platform  (the  top  portion of zone A) . While no elongation measure- 
ments were made above  zone A, past  experience (ref. 6) indicates   that  

rup ture   l i fe   ( in   th i s   case ,  2.4 in .  above the  platform) . It therefore 
would appear that the  majority of b l ades   f a i l ed   i n  a region  having l e s s  

7 
8 

i maximum creep would be centered  about  the  position of m i n i m  stress- 

.. than naaximum creep. From these  observations, the conclusion  can  be 
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drawn that other  factors  than  stress-rupture must cont r ibu te   to   the  
failure mechanism of turbine  blades  during  operation. 

The preceding  conclusion i s  supported by the  examination of the  
blade  fractures.  Exclusive of those  blades which f a i l ed  by damage,. 65 
percent of the  blade  failures  could  be  classified  as  fatigue  or a com- 
bination of fatigue and stress-rupture. This c lass i f ica t ion  was based 
upon the appearance af fatigue  progression rings on the  fracture  surface, 
the  transgranular  character of the  failure,   or the single-line  path of 
f racture .  The remaining 35 percent of the failures, which were clasai- 
fied as stress-rupture  failures,  may actual ly  have undergone considerable 
damage by  fatigue which could mt be.detecte.d frog appearance  alone, as 
already  noted. The early  blade failures were more often  fatigue or 
fa t igue plus stress-rupture, while the  later failures tended t o  have 
predominantly  stress-rupture  characteristics  (fig. 5). 

Implications of hardness measurements. - Previous work with 8-816 
(ref. 2) showed a wide range o f .  .scatter. o f .  h€gdp!!sg Values. Since.  the 
sca t te r  of hardness shown i n  tables V and VI could have been due t o  
macrodifferences  within  the specimen or  segregations of microconstituents, 
the  average  reading6 axe used to  represent  the  hardness Qf the   a l loy.  

.~ - ., 

The high hardness of the  as-forged blades and the as-forged and 
aged blades (groups 1 and 2)  may be largely  a t t r ibuted to residual 
stresses  introduced  into  the  blade  airfoils  during forging. Precipi- 
tat ion  alone at 1550' F f o r  16  .hours (group 8) increased  the  hazdness 
over t ha t  of the  fully  heat-treated  condition (group 7) by as much a8 
4 Rockwell C units.  Other precipftation  treatments might increase  the 
hardness  further,  but it seem  unlikely that the  hardness of Rockwell 
C-35 (groups 1 and 2)  could be attained by heat  treatment  alone. The 
solution  treatment a t  230O0 F f o r  4 hops with  single and double  aging 
(groups 5 and 6, respectively)  permitted  greater  hardening  than  the 
solution  treatments at 2150° F followed by single and double aging (groups 
3 and 4 ) .  The lower hardness of as-heat-treated group 9 as compared with 
group 8 may be  explained  by  the  greater  degree of weraging  that  occurs 
at a temperature of 1900° F. Some solution of minor phases may have 
occurred  during heat treatment at 1WO0 F, and this would have been fo l -  
lowed by precipi ta t ion during engine testing. This would explain the 
higher  hardness of group 9 after-ngine  operation as compared with  the 
as-heat-treated  hardness of this group. 

Further comments regarding  the  hardness of S-816 can  be made at 
th i s   po in t .  8-816 has been  regarded by others   to  be a "Solution- 
strengthened"  alloy. This implies  that upon increasing  the  thoroughness 
of the  solution  treatment  the  strength  (or  hardness) of the alloy should 
increase as more alloylng  elements  enter  solid  solution.  Observations 
at the NACA have shown that  solution  treatment of wrought 8-816 bar  stock 
produced the following hardness changes: 

. .  

. "- 

a 
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2150 Water I 2250 

2250 

19 Water 4 2300 

23 Water 16 

From these results, solution hardening does not appear t o  occur. 
Metallographic results, t o  be  discussed  subsequently,  indicate  that 
columbium precipi ta tes  even a t  2300' F, increasing the s i z e  of the maesive 
carbides in   the  a l loy.   Since C b  has a very  large  atomic diameter, it 
should  contribute t o  hardening when in   so lu t ion .  Its precipi ta t ion on 
the massive  carbides  could more than  offset   the  hardening  effect  of a 
solution of smaller carbide forming elements. 

7.. 
E The matrix  hardness  (and  strength),  therefore,  appears t o  be in-  

creased by hot-cold  working  or  precipitation  but  not  by  solution treat- 
* ment alone. 

Analysis of metallographic  results. - The  massilve carbides i n   t h e  
microstructure  of S-816 have been shown t o  be CbC i n  references 8 t o  11. 
Since some of the later S-816, including that of the  present  investigation, 
contains  tantalum along with  colmbium, the  massive carbides   in  the struc- 
tu res  shown i n   t h e  photomicrographs  could be e i the r  CbC o r  TaC or   so l id  
solutions of the two carbides. Furthermore,  nitrogen  could  also be pre- 
sent   in   these  s t ructures   s ince  the  ni t r ides  and csrbides of Cb and Ta are 
isomorphous. Regardless of the composition  of the massive carbides, it 
i s  unlikely that their e f f e c t   i n  the a l loy  i s  great, since upon solut ion 
treatment  they  increase i n   s i z e  as a re su l t  of precipi ta t ion and become 
more or  less idiomorphic  rather than dissolve  into  the matrix. However, 
some of the smaller pa r t i c l e s  of CbC type csrbides may dissolve  during 
solution  treatment  and may subsequently  strengthen the alloy  by  pre- 
cipitation  during use  a t  high temperatures. 

There i s  some X-ray evidence tha t  the Cr23C6 type carbide forms i n  
t h i s  alloy (refs. 10 and ll), and this probably i s  the  most prevalent 
carbide in  the  grain  boundaries and s l i p  l ines  formed during  aging  or 
engine  operation.  This  type of carbide would not be expected t o  have 
as great a strengthening  effect upon the matrix of the a l loy  8s  the  CbC 

closely r e l a t e d   t o   t h e  atomic spacings of the  matrix. 
* type,  since  the  atomic  spacings of the metal atoms i n  Cr23Cg are very 
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A previous  investigation  relating  the  microstructural  characteristics 
of wrought Haynes-Stellite 21ta stress-rupture  properties (ref. 3) has 
shown that drastically  afferent  carbide  formations  could be formed by 
various  heat  treatments and that these  formations were 1a;rgeI-y responsi>$e . 

fo r  the differences i n  the  stress-rupture  properties  obtained. Cr23Cg 
has been  found t o  be  the  principle carbide i n   t h e  wrought S t e l l i t e  2 1  
a l loy (ref. u). The as-wrought structure  consisted of  massive ~ r 2 3 ~ 6  
p a r t i c l e s   i n  a matrix of face-centered  cubic and  hexagonal  close-packed 
solld  solutions.  These carbides  readily  dissolved upon solution treat- 
ment a t  2250' F far 16 hours and subsequently~transfomed upon heat   t reat-  3 
ment at lower temperatures. However, the CbC type carbides of S-816 do n) 

not dissolve even at 2300° F, so  that subsequent aging or double-aging 
treatments did not improve the  S-816. 

- 

. . . - . . . .. " 

.. - - 

An evaluation of 8-816 turbine  blades  given  different  hest  treat- 
mente along  with  as-forged  blades has been made i n  a J33-33 turbojet  
engine. The engine was aperated i n  a cyclic manner, 15 minutes at rated 
speei! and 5 minutes a t   i d l e .  A t  ra ted speed, blade stresses and tempera- 
t u r e s  were controlled at 21,400 pounds per  square  inch and 1450' F, re- 
spectively, a t  2.4 Inches above the  base of the blade. The following is 
a summary of the  results  obtained and conclusions  reached from the 
investigation: 

." 

& 

" 

I 

1. "he as-forged blades and the   as - forgdani l  aged blades performed 
better than  blades  given  the  standard  heat  treatment  or any of the  other 
heat  treatments s tudied .  The l f fe  of the..aszfo-rged  blades. ranged from 
357 hours to Over 430 hours, after which time t& t e s t s  were discontinued. 
The failure times of the  as-forged and aged blades ranged  from 317 t o  
430 hours. I n  comparison, the blade group given the standygd  heat t r ea t -  
merit f o r  9-816 had failure times ranging from 148 to 310 hours, 

" 

. "" . .  

- 

The superior performance of the  as-forged blades and the  as-forged 
and aged blades was associated  with a high  hardness and a dense and 
uniform precipitation of carbides  throughout  the  microstructure of the 
alloys.  Forging was concluded t o  be  responsible f o r  this superior  per- 
formance both by the  introduction of strain-hardening and by promoting 
the uniform  and  dense precipi ta t ion of carbides  during  engine  operation. 

2.  A double-aging  treatment -(24 hr  at 1200' F, a i r  cooled, 48 h r  at 
1500' F) following  the  standard  solution  treatment for S-816, which was 
intended t o  produce randomly scattered and dense precipi ta t ion,   fa i led 
t o  improve blade performance r e l a t fve   t o ' t he  group given the  standard 
heat treatment.  Failure times in -this group of .blades ranged from 102 
t o  310 hours. The aging  treatments  selected were  f e l t  t o  have caused 
too  great  a  degree  oPaveraging  for S-816. 



. 
3. Two groups of specimens  which were heat t rea ted  a t  2300' F for  

D 4 hours to produce  germinated  grains and simultaneously a greater depee 
of solution treatment than is produced by the standard  solution  treatment 
of 1 hour at 2150' p0 performed very  poorly. Blade f a i lu re s  of one group 
(aged  16 hr at 1400 P)  ranged f rom 36 t o  285 hours,oand failures of  the 
other group ( a g e d  24 hr at 1200° F  and 48 hr a t  1500 F) ranged  from 59 
t o  401 hours. I n  the first of these groups, eutectic  melting was observed 
and undoubtedly  accounted f o r   t h e  poor  performance,  and i n   t h e  second 
group, thick  grain boundary  formations o r  germinated grains or  both were 
possible  causes of the poor  blade failures. 

w 
UI 
N 
ED 

4.  Blade l i v e s  of specimens  given  an  overtemperature  heat  treatment 
at 1550° F f o r  16 hours  (low-temperature  overaging) were very low, ranging 
from 55 t o  131 hours. 

5. Blade l i ves  of specimens given  an  overtemperature  heat  treatment 
a t  1900' F f o r  16 hours  (high-temperature  overaging) ranged from  86 to 
213 hours.  For comparison, blades from t h e  same stock  given  the  standard 

A S-816 heat  treatment failed at  times ranging from 94 t o  202 hours.  There- :- fore,  high-temperature overaging was not  harmful. Carbides i n  the as- 
P heat-treated blades were largely  spheroldized,  but  apparently  partial 
M 

& *  
solution  treatment  of some of these  carbides  occurred  during  the  heat 
treatment. P a r t i a l  solution  treatment would permit  strengthening  of the 
blades  by  reprecipitation  during  operation i n  the  engine. 

6. The r e su l t s  from the  overtemperature groups of blades just pre- 
sented  suggest that any heat treatment  that would effectively  overage 
the  'blades  without  simultaneously  partially  solution  treating  the  blades 
could be harmful.  Conversely,  overaging at a high enough temgerature t o  
permit  solution of some of the microconstituents  could be beneficial .  

7. The blade  groups whfch perTormed best, the  as-forged and aged 
groups,  had the  lowest creep rates and also  the  lowest  total   elongation. 
Total  elongations of the  as-forged  and aged groups w e r e  2- and I percent, 

' respectively. Specimens given the standard S-816 heat treatment  elongated 
6.3 percent and  specimens  given the  overtemperature  treatments at 155Q0 F 
and 1900' F elongated  2.2  percent and 8.8 percent,  respectively. 

1 
2 

8. From known dis t r ibut ions of temperature  and  centrifugal stresses 
i n   t h e  blades and from the known material properties, a theoret ical  zone 
of m i n i m u m  strength of the blade a i r f o i l  x88 located a t  a distance of 
2.4 inches  from  the base of the blades. I n  a l l  but t w o  ca8es (exclusive 
of damage failures), the  turbine blades fa-lled i n  operation above t h i s  - zone.  Creep measurements showed a trend which indicated that fracture 
probably  occurred  outside the zone of maximum creep. Such f a i l u r e  
pat terns   suggest   that   factors   other   than  centr i fugal  stress contribute - t o  the failure mechanism of the blades. Vibratory  conditions i n   t h e  



engine  could have accounted for the above failure patterns; and, i n  fact, 
exclusive of  -those blades which failed by damage, 65 percent of the  
f a i l w e s  were classif ied from  macroexaminations and microexsminations as 
fatigue o r  a combination of fa t igue and stress-rupture  failures.  The 
remaining 35 percent of the  fa i lures ,  which were c lass i f ied  as stress- 
rupture  failures,  may actually have undergone considerable damage by 
fat igue which could  not have  been detected from appearance  alone. 

9.  Evidence presented i n  thie investigation  indicated  that  9-816 
may be hardened ( o r  strengthened)  by  hot-cold working o r  by precipi ta t ion 
but  not  by  solution  treatment  alone. ii m 

Lewis Flight  Propulsion  Laboratory 
National Advisory Committee f o r  Aeronautics 

Cleveland, Ohio, Noveniber 29, 1954 -. . 
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SPECLMENS MACKRiED FROM AIRFOIL OF 547 TURBINE BLADES 

Solution  treated 1 hr 

at 14QOO F, air cooled 
treatment condition quenched, aged 16 hr  
without solution tested in----forged at 2150° F, water - 

Aged 16 br at 140@ F No heat  treatment; 

Life, Elongation, Li fe ,  Elangation, L i f e ,  Elongation, 
hr 

15 185 20 165 30 80 

percent h r  percent hr  percent 

112 

40 7 60 
- 4 2  - 4 5 0  

40 152 
15 290 35 133 

620 12 255 25 " 

L 

f .  

.. 
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T q e r -  
hr ature, h r  ature, 
Time, Temper- Quench  Time, 

OF OF 

9' 16 1900 None 

aging treatments followed by air cooUng. 

Second agea Purpose of heat treatnrent, 
Emper- 

hr sture, 
t o  fietennine - T h e ,  

OF 

Whether as-forged  blades 
would behave equally as 
well as heat -treated 
bhdee 

whether aging elone  could 
impqve 88 -forged 
structure  or propel-ties 

(Stan&d for  compar~~on) 

1500 Whether aging t o  develop 48 
nucleat ion s ites f ol- 
lawed  by aging t o  c a s e  
precipitation in the 
sites can inrpmve 
properkLee 

Whether germinated grains 
are harmful or whether 
increased solution which 
occurs at higher temper- 
atures improves l i f e  

1500 Whether double aging (Bee 48 
group 4) w i l l  compensate 
for  germinated gra3ns  Ff 
they are shown to be 
hEcrmfliL i n  group 5 

(stank& for  ccpnparison 
between experimental 
~ O I Q S  1 t o  6 and stan- 
*d stock  previously 
run in identical types 
of t e s t )  

Whether low-temperature 
OveragFng (overheating) 
islmznlfm 

Whether high-terqperature 
overaging (overheating) 
is harmpul 

bBlades  forged from single lot of bar stock.from same heat. 

%lades from U.S. ALr Force stock. 

C .a Standard heet  treatment. 



24 

I T.X. 

m-r L A .  

D L.6. 

m L.1. 

? LE. 

r(f), D 
r LJ. 
r L.X. 

D L I .  

I rd. 
I 7.1. 

ga-r(fJ L.E. 

re-r L.1. 

? LA. 

? L.E. 

m a  L.E. 
D La. 



NACA RM E54g17 

. 

. 

Group 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Largest A .S .T .M. 
grain s i ze  

8 

5 

6 

2 

2 

3x1 

4 

1 

4 

Most prevalent 
A.S.T.M. 

grain size 

8 

7 

8 

6 

5 

1 

6 

5 

6 

Smal lest  A.S.T.M, 
g r a h  size 

8 

8 

8 

8 

8 

5 

8 

8 

8 

25 
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TABU V. - HARDNESS OF AS-HEAT-TREATED SPECIMENS 

Group 

1 .  

2 

3 

4 

5 

6 

7 

8 

9 

39 36 33 37 31 35 

33 34 34 36 37 

25 28 26 

24 26 25 26 25 

25  32 2gb 

29  29 30 29 26 
. . . .  . 

" " " " " " " " " " " 

29 31 29 
29 29 

. . . . . . . - . 

26 25 26 28 28 

Average 
hardness, a 

Rockwell C 

35 

35 

26 

25 

2 Sb 

29 

25' 

29 

27 

a 

%ndividual.  readin@ were converted from R-15-N and are  

Converted from Rockwell A readings. 

three of six r&s, the average of which is Rockwell C-29. 

Force  stock and taken from table IT, r e f .  3 .  

" 

C Average of readings made from seven specimens cut.from A i r  
" " ~ -1 

. " 
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TABU VI. - HARDNESS OF FIRST AND U S T  B I N E  FAU;URES IM CROSS SECTION 

APPROXIMATELY 1/8 INCH FROM FAILURE ORIGIN 

41 
0 

P 
C d -  

Group 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Failurea 

F i r s t  
Last 
F i r s t  
Last 
F i r s t  
Last 

F i r s t  
Last 

F i r s t  
Last 

F i r s t  
Last 
F i r s t  
Last 

F i r s t  
Last 

F i r s t  
Last 

Individual Rockwell C hardness Average 
readingsb Rockwell ,C 

hardness" 
failure 
origin 

37.0 

T.E. 28 24 29  28 31' 29 29 

T.E. 34 34 34 33 33 34 34 
T.E. 32 33 32 31 32 33 33.5 

C 33 34 34 34  33 32 33 
T.E. 34 34 35 33 33 30 

30 T.E. 31 29 33 3 1  31 30 

27 

c 29 24 31 31 30 30 27 
T.E. 27 24 26 26  28 30 29 

T.E. 31 32 30 32 31 32 29 
C 30 27 28 31 32 3 1  28 

C 25 23 26 24 26 26 24 
L.E. 29 29 28.5 30 30 30 

30 

T.E. 29 30 " 31 26 28 27 30 
T.E. 28 26 27 29 30 29  29 

L.E. 31 29 33 33 33 31 29 
L.E. 28 24 29 28  29 29 

29 
L.E. 30 27 31 31 30 31 30 
L.E. 30 30 31  31 30 30 

&Designation of first or -st failure p e r t a m  to failures exclusive 

bEardness measurements were made w i t h  Rockwell superficial  hardness 

%.E., t r a i l i n g  edge; C, center.  

of those which occurred by damage. 

tester and readings were converted t o  Rockwell C .  
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12,000 

Figure 1. - Stress and temperature dietribution in J33-33 turbine blade8 
operated at full power and cvrresmnding streee-rupture l i f e  of S a 6  
bar s tock.  
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F I m e  3. - Elongation of pmtlons of bladea during engine operation. (Zone A . )  
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Blade p u p  

Figure 4 .  - Maxlmnn perceut elongatlon measured f o r  segments of blades extending from to 28 Inches from 
7 7 

base (zone A )  and f r o m  7/8 t o  1~ inches from base (zone E). 7 
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CB-5 
I , 

(8) As-forged. (b) T Y p l C a l  8tress-mytura crack. (a )  Typical fatigue failure. (a) Typical etrses-nmture 
followed by fatigue 
fa i lwe .  

Figure 6. - As-forged blade and Qplcal railed bla8eE. w w 



( b )  Group 2 (aged 16 hr at  1400' F) . 
Figure 7 .  - Wcmstmctures of as-heat-treated specimens cut f r o m  representative 

segments of blades. 

tl I 

". . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. .. . . . . cmc .. . . . 
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(c) Group 3 (standard heat trmtrnent : 1 hr at 2150 F, water quenched, 
0 

aged 16 hr at 14QOo F, air cooled). 

- 
(a) Group 4 (1 br at 2150° F, air quenched, aged 24 hr at 1200 F, air cooled, 0 

aged 48 hr at 15W0 F, air cooled) . 
* 

Figure 7. - Continued. Microstructures of as-heat-treated specimens cut from 
representative segments of blades. 
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c 

(e) Group 5 (4 hr  at 2300 F, water quenched, aged 16 hr at 140O0 F, 0 

air  cooled). 

(f) Group 6 (4 hr at 230O0 F, air quenched, aged 24 hr a t  lZOQo p, air cooled, 
aged 48 hr a t  15aa" F, air cooled) . 

Figure 7. - Continued.  Microstructures of as-heat-treated  specimena cut from 
representative segmenta of blades. - 
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(g) Group 7 [Air Force stock; standard heat  treatment: 1 hr at 2150' F, 
water  quenched, aged 16 hr at 1400O F, air cooled). 

(h) Group 8 (Air Force stock; aged 16 hr at  1550° F, air cooled). 

Figure 7. - Continued.  Microstructures of as-heat-treated  specimens cut from 
representative  segments of blades. 

# - 
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. 

(1) Group 9 . ( A i r  Force stock; aged 16 hr at 1900° F, air cooled). 

Figure 7. - Concluded. Microstructures of as-heat-€rated specimens cut from 
representative  segments of blades.. 

. 
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FLrst blade t o  fai l ,  357 hr 
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3259 
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P x250 
Tears belov fracture edge and Frregular fracture edge are 

indicative c i f  streerr-rupture failure mecbaalm. 
"picdl s t r e s s r u p t u r e  t e a r s  in center prtion of blase 

X250 

where failure orlgineted. 
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x253 
Same area ae above. 

c c 4 I 
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, CF-fi 
3259 

." .. 

a I 

First blade to   fa i l ,  167 br 

X250 
Smooth transcrystalline nature of fracture edge, 

which i s  indicative of fatigue. 

h a t  blade to  fail, 310 hr 

X250 
Jagged fracture edge and stress-rupture tears. 

nw 
Same area as above. 

x750 
Same area as above. Fine Wihns-&tten  structure. 



First bled., to fall, 102 hr I a s t  blade t o  Pall, 310 hr 

x250 
Very l i t t le  general precipitation in structure, which is not 

conslstmt vlth as-heat-treatdl structure of f ig .  S(a). 
Jagged. is; indicative o f  stress-&ure failure. Dsnt 
on leaiiing edge could haw resulted after b lab  failed. 

(a) amup 4. 

Figure 8. - C o n t i m d .  WLcmstructmrs of failiue origina or areas near failure origins in First and laat blade failures. 
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1 I 

F i r e t  blade t o  f a l l ,  36 hr hat flab t o  fail, 285 hr 



First blade to fail, 59 hr hat blade to fai l ,  401 hr 
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X250 
Fracture edge appears transcryatalllae, but small tears vithin 

has been stained differantially, but thie dc-sa not obscure 
specimens a r e  indiaative of strees-nrgture. The StrucCUre 

d e t a i l .  

450 
Barn area as above. Very thick carbides and very l i t t l e  

matrix precipitation. 

(I) a m p  9. 

Fipure 8. - Concluded. Mlcrostructulws uf rallure origins or areas n e  failure  origins i n  first and last. blade failures- 



40 I NACA RM E m 7  
c 

x250 
Stress-rupture portion of f racture  edge &nd tgpical  stress- 

rupture  cracks. Etched i n  5-percent aqua regia i n  water 
electrolyt ic  followed by 10 percent ECI in  alcohol  electrolytic.  

x750 
Fatigue  cracks which rad ia ted  from main f rac ture   edge  

which fa i led by stress-rupture followed by fatigue. 
Etched in 5 percent  aqua regia in water electrolyt ic  
followed by 10 percent  HC1 in  a l c o h o l   e l e c t r o l y t i c .  

Figure 9. - Typical  stress-lupture and   fa t igue   c racks   s ssoc ia ted   wi th  main f r ac tu re .  " 
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(a) Blade 3. Failad by (b) Blade 2. Failed by (c)  Blade 1. Failed by (a) 5. Failed by 
fatigue in 59.17 hours. damsge in 93.43 hours. fatigue in  99.28 hours. damage in 209.25 hours. 

Figme 11. - Blades OP paup 6 with germinated m i n a  revealed by mcmatching. 
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RACA RM 

X250 

. _  

x750 
Figure 12. - Microstructure of t r i a l  specimen solution treated a t  

2300' F for 4 hours and water quenched. KO evidence of melting 
was obsemed.  Structure  appears ideal f o r  a subsequent aging 
treatment. 
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